To determine the kinetics of the antifibrillatory effects of bretylium tosylate and to assess the relative importance of myocardial versus serum drug concentrations, studies were performed in 32 dogs after they received bolus injections of bretylium tosylate (6 mg/kg or 2 mg/kg body weight) or saline solution. Parallel determinations were made of drug concentrations in serum and myocardium, together with antifibrillatory and electrophysiologic effects, both with and without 2 minutes of coronary ischemia produced by temporary coronary ligation. Serum bretylium concentration decreased rapidly after intravenous injection, whereas myocardial concentrations increased gradually, peaking at 1.5 to 6 hours in both open and closed chest dogs. The ratio of myocardial to serum drug concentration increased to 6.4 to 12.6 at 12 hours. Parallel elimination of the drug in serum and myocardium occurred thereafter, with elimination half-life of 10.5 hours (closed chest dogs).
During short-term administration, bretylium displays a biphasic effect on the cardiovascular system.6y7 An initial increase in blood pressure accompanied by tachycardia is a manifestation of local catecholamine release at adrenergic nerve endings."v8 This is followed by a decrease in blood pressure and relative bradycardia, a manifestation of the drug's antiadrenergic effect. The latter is usually the predominant effect. The electrophysiologic effects of bretylium are complex and their relation to antiarrhythmic effects is as yet unclear.gg10 The direct antiadrenergic as well as early sympathomimetic effects during administration have all been mentioned as potential contributing mechanisms.
An increase in the ventricular fibrillation threshold was described more than g decade ago in dogs treated with bretyllium on a short-term basis,5 but more recently questions concerning the drugs antifibrillatory as well as its antiarrhythmic effects have again been raised. 4 ventricular free wall at 30 minutes, 90 minutes, 6 hours and 12 hours after drug injection. The dogs were killed at 12 hours, and tissue samples from the left and right ventricles, interventricular septum, anteromedial papillary muscle, mitral valve and atria were taken immediately post mortem for analysis of cardiac distribution of bretylium. Tissue samples were carefully blotted dry, weighed and dissolved in 500 pliters of 16 normal sodium hydroxide. Solutions were neutralized with 800 pliters of 7 normal hydrochloric acid. Solubilized tissue and serum were analyzed for bretylium concentrations using a high resolution gas chromatographic assay recently developed in this laboratory, and sensitive to 1 ng/ml bretylium.13 Samples were analyzed in duplicate or triplicate and results expressed as pg/ml or yglg of bretylium free base in serum or tissue, respectively.
The chemical and pharmacologic effects of bretylium place it in a class separate from other currently available antiarrhythmic drugs.11J2 Studies to date have inadequately elucidated the disposition and mechanism of action of bretylium. Similarly, the onset and time course of antiarrhythmic effect, blood distribution and elimination kinetics and tissue kinetics have not been well defined. A reliable assay for bretylium to allow such studies has heretofore not been available, and a therapeutic range for drug concentrations has not been established.
Long-term single dose drug kinetics in closed chest dogs: To determine pharmacokinetics in tissue and serum of single dose bretylium in intact animals, six male mongrel dogs weighing 10 to 20 kg were given a single dose of 6 mg/kg of bretylium tosylate intravenously and observed for 48 to 96 hours (median 72 hours). Using a clean surgical technique, we exposed and cannulated the right internal jugular vein with a 9 French catheter introduced while the animal was sedated with sodium pentobarbital (30 mg/kg). Continuous electrocardiographic monitoring (lead II) was used during drug administration and sampling.
Recently, a sensitive and reliable gas chromatographic assay for bretylium was developed in our laboratory,13 which has allowed us to examine several of these questions about the drug's action. Specifically, our purpose was to investigate the time course of antifibrillatory effects of bretylium after bolus injection in dogs, and to correlate the drug's antiarrhythmic effects with both serum and myocardial concentrations. The results confirm the marked antifibrillatory effect of this agent and emphasize the importance of tissue kinetics in determining this behavior.
The drug was next administered over 60 seconds. Cardiac tissue samples were taken from the right interventricular septum using the Stanford right ventricular bioptome as described by Mason14 and adapted to dogs. Three to five individual biopsy specimens were taken at each time point, to yield at least 5 mg of myocardial tissue per sample time. Simultaneously, venous blood (3 to 4 ml) was withdrawn for drug assay. After drug injection, tissue and blood samplings were performed at 30 minutes and 3,6, 12,24,36,48 and 72 hours.
Methods
After initial sampling, the dogs were allowed to recover from pentobarbital anesthesia, then reanesthetized lightly each 12 to 24 hours to provide sufficient sedation for subsequent biopsy samplings. Between sampling times, dogs were fed and watered, and allowed free activity in their cages. After the final sampling point, they were killed and tissue samples from the representative myocardial sites earlier noted were taken for confirmation of final myocardial drug concentration and intracardiac distribution of drug. Samples were processed and analyzed as previously described.
Serum and tissue pharmacokinetic studies in open chest dogs: Ten male mongrel dogs weighing 10 to 20 kg were anesthetized with sodium pentobarbital, 30 mg/kg bodyweight intravenously. The left common carotid artery was exposed and cannulated for continuous monitoring of blood pressure. The left external jugular vein was cannulated as an access route for administration of bretylium tosylate, The right femoral vein was also cannulated, and a catheter placed into the inferior vena cava above the level of the renal veins and below the level of the hepatic veins. Percutaneous electrode leads were attached to generate an electrocardiogram for continuous monitoring. The chest was opened with cautery in the fourth left intercostal space and the heart was suspended in a pericardial cradle.
Ventricular fibrillation threshold determination: To determine the effect of bretylium on the ventricular fibrillation threshold, 17 male mongrel dogs weighing 10 to 20 kg were given bretylium intravenously in doses of 2 mg/kg (6 dogs) or 6 mg/kg (4 dogs) of the tosylate salt or normal saline solution (7 dogs) over 60 seconds. Serial determinations of the ventricular fibrillation threshold were made.15J6 Dogs were prepared while sedated with sodium pentobarbital(30 mg/kg). The common carotid artery was isolated and cannulated for constant arterial pressure monitoring using a Statham pressure transducer. The left external jugular vein was cannulated as a venous access site for drug administration.
With use of cautery, a left thoracotomy was performed in the fourth intercostal space and the heart was suspended in a pericardial cradle. Bretylium tosylate was administered intravenously over 60 seconds in doses of 6 mg/kg (seven dogs) or 2 mg/kg (three A biopolar electrode, consisting of silver-silver chloride dogs). Blood' samples (3 ml) were taken for serum bretylium electrodes 1 mm in diameter and imbedded in an acrylic determinations at the following times after injection: 0, 1,2, The ventricular response threshold was defined as the minimal current required to induce a ventricular premature beat in one to three attempts.
Determination of ventricular fibrillation threshold was performed
with a modification of the method of Kroll and Lucchesi.*6 Animals were paced from the atrium at 175 beats/min.
Four ms fibrill!ation pulses of 60 hertz frequency and 200 ms total duration were synchronized to the pacing stimulus with a 50 ms delay, so as to scan the T wave in the vulnerable period of the heart. The current delivered was measured exactly by recording voltage drop across a precision 1,000 ohm resistor in series with the electrodes.
Current intensity was increased in 0.5 mA increments to 5 mA, then in 1 mA increments to 10 mA, 2 mA increments to 20 mA and 5 mA increments to 50 mA until ventricular fibrillation developed. Three attempts at each current level were made. The current intensity inducing sustained ventricular fibrillation was defined as the ventricular fibrillation threshold. When fibrillation occurred, the heart was immediately defibrillated using a capacitor discharge direct current defibrillator charged to 10 to 15 joules. The heart was allowed to recover for a minimum of 15 minutes after each determination.
The left ventricular effective refractory period was defined as the longest Q-S2 interval at which a premature impulse (Q-!&J) consistently failed to cause ventricular depolarization; this refractory period was assessed just before each determination of ventricular fibrillation threshold. To make this determination, ventricular extrastimuli (Sz) were introduced after every eight paced sinus beats at two to three times diastolic threshold through a plunge bipolar electrode in the left ventricle.
Q-S2 intervals were reduced by 5 to 10 ms until ventricular capture failed. Repetitive ventricular response threshold: During the determinations of ventricular fibrillation threshold, the current at which more than two premature complexes were elicited by the fibrillation pulse (during at least one of three trials at a given current level) was defined for purposes of this study as the repetitive ventricular response threshold. Three to four ml of blood was withdrawn at the time of each threshold determination, to enable comparisons to be made between serum bretylium concentrations and drug effects. Samples were obtained at 2,30 and 90 minutes and 3,6 and 12 hours, and analyzed as previously described. Immediately after testing at 12 hours, the animal was killed and a 1 g tissue sample obtained from the left ventricle. Tissue analysis for bretylium was performed as previously noted.
The schedule for determination of ventricular fibrillation
Analysis of data: Electrophysiologic variables and serum threshold was as follows: 13efore drug administration, a conand tissue drug concentrations were plotted as mean f stantrol determination was made in the absence of ischemia. After dard error of the mean versus time for each separate group of a 15 minute rest interval, the mid anterior descending coroanimals. Drug elimination constants were determined by a nary artery was ligated and control ischemia threshold delinear regression program. Differences in mean responses of terminations were begun after 2 minutes. The ligature was two or three groups at a given time were analyzed with Stureleased after fibrillation was precipitated, and the heart was dent's t test or with analysis of variance for pairwise compromptly defibrillated. A 30 minute recovery period was alparisons.17 When geometric response in the group receiving lowed and drug or saline solution was administered.
Two 6 mg/kg substantially violated the equal variance assumption minutes after injection the threshold was determined; 30 (that is, repetitive ventricular response threshold, nonischemic minutes after the drug was given, threshold measurements dogs), treatment responses were analyzed independently with were repeated; a 15 minute interval was allowed and ischemic use of the t test. Paired t testing was used to compare response threshold was determined. Similar threshold determinations of a given variable in animals under two conditions. Similarity without and with ischemia were made at 90 minutes and 3,6 in response of different variables at a given time was sought and 12 hours after injection. Adequate hydration was provided using a correlation program. Significance was assumed at a to maintain blood pressure in the normal range over the 12 probability (p) level of <0.05. For purposes of analysis, a hour period of study. assigned in instances where the measureable threshold was exceeded.
Results
Serum and tissue bretylium in open chest dogs: After intravenous injection of 6 mg/kg (n = 7) of bretylium tosylate, in seven open chest dogs serum bretylium concentration decreased rapidly along a curvilinear (biexponential) curve from a peak of 19.6 f 1.1 pg/ml, at 1 minute after injection, to 6.5 f 0.4 pg/ml at 30 minutes and 2.5 f 0.3 pg/ml at 12 hours (Fig. 1A) . Distribution half-life (t l/2) was approximately 3 minutes and terminal t l/2 9.1 hours. Myocardial drug concentration, in contrast, increased progressively with respect to serum drug concentration over the 12 hour period. Tissue hretylium was similar to serum bretylium at 30 minutes (7.3 f 1.4 pg/g), increased rapidly by 90 minutes (13.7 f 1.2 pg/g), peaked by 6 hours (15.1 f 1.5 pg/g) and remained at a plateau elevation at 12 hours (14.6 f 1.3 pg/g). The ratio of myocardial to serum bretylium increased progressively throughout the study to 1.2 f 0.3 by 30 minutes and to 6.4 i 1.0 at 12 hours.
The cardiac distribution of bretylium is shown in Figure 2 . At 12 hours significant correlations existed in bretylium concentrations in the left ventricle (14.6 f 1.3 pg/g), right ventricle (14.3 f 1.5 wg/g), interventricular septum (14.6 f 1.6 &g/g) and anteromedial papillary muscle (14.0 f 1.6 pg/g; p <O.Ol for all correlations). Atria1 bretylium concentration was slightly although significantly lower (12.2 f 1.2 pg/g; correlation p >0.05). In contrast, the mitral valve leaflet, a relatively avascular tissue, accumulated bretylium to a concentration of only 2.0 f 0.3 pg/g.
After injection of 2 mglkg of bretylium tosylate (three dogs), serum bretylium concentration decreased along a multiphasic curve similar to that for the larger dose (Fig. 1B) . Serum bretylium declined from 6.25 f 0.14 pg/ml at 1 minute after injection to 2.19 f 0.08 pg/ml at 30 minutes and to 0.87 f 0.10 gg/ml at 12 hours, Myocardium concentrated bretylium heavily at this dose as well, with tissue bretylium maintaining a plateau of nearly 7 pg/g between 90 minutes and 12 hours. A progressive increase in the ratio was 8.5 f 2.8. Long-term serum and tissue bretylium in closed chest dogs: Serum and myocardial bretylium concentrations measured in closed chest dogs allowed to recover consciousness are presented in Figure 3 . Myocardial tissue was obtained by transvenous endomyocardial biopsy from the right interventricular septum in six dogs at various time points after 6 mg/kg of bretylium was injected (see methods). The accuracy of measurements obtained with endomyocardial biopsy samples was confirmed by comparison with larger samples obtained when the dogs were killed. Serum and cardiac bretylium concentrations were similar at 30 minutes (7.15 f 0.59 and 7.85 f 0.68 pglmg, respectively), with a mean tissue to serum ratio of 1.2 f 0.1. These measurements were also similar to those at 30 minutes in closed chest dogs (Fig. 1A) . Serum bretylium then continued to decrease in a nonlinear exponential fashion to 1.35 f 0.07 pug/ml at 12 hours. This somewhat smaller concentration, when compared with the 12 hour value in open chest given bretylium on a short-term basis, may reflect improved renal excretion in these lightly anesthetized intact animals. Between 12 to 24 and 72 hours, elimination followed a log-linear course, with an elimination rate constant (X1-s) by linear regression analysis of 0.0663 f 0.008 hour-l, and an elimination half-life from serum (t l/2-s) of 10.4 hours (harmonic mean).
Myocardial bretylium concentration increased after 30 minutes to peak levels at 3 and 6 hours of 11.3 f 0.7 and 13.0 f 2.3 pglg, respectively. Myocardial concentration of the drug persisted at this high level until 12 hours (11.2 f 1.6 Fg/g), then decreased in parallel with serum bretylium concentration between 24 and 72 hours from 6.25 f 0.91 to 0.37 f 0.05 pg/g. Tissue elimination rate constant (Xl-m) between 24 and 72 hours was 0.0662 f 0.009 hour-l, virtually identical to that for serum (X1-s). Myocardial elimination half-life (t 1/2-m) was 10.5 hours. The ratio of myocardial to serum bretylium in this interval averaged 12.6 f 1.9 pg/g per pg/ml in the six dogs. These data indicate, in the intact animal, marked myocardial concentration of bretylium, with pseudoequilibrium (parallel elimination) being first established between 12 and 24 hours after single dose injection. Myocardial bretylium was still easily detectable by our assay at 72 hours.
Effects on effective refractory period and response threshold:
Bretylium injections caused a time-dependent increase in the left ventricular effective refractory period (Fig. 4) . The effective refractory period was unaffected by determination of the ventricular fibrillation threshold, including cardioversion, as shown by the comparability of refractory periods before and after control fibrillation threshold measurement in each group (p = difference not significant). Each of the two control refractory period measurements were also comparable among the three groups. However, after injection of bretylium, significant divergence in response among treated and control groups developed by 90 minutes (p = 0.007) and persisted through 12 hours (p = 0.046, analysis of variance). Response after injection of saline solution was flat over time, with mean effective refractory periods of 151 to 153 ms. In contrast, after administration of 6 mg/kg of the drug (four dogs), the refractory period increased from 156 f 3 at 0 minute and 158 f 1 at 30 minutes to 171 f 4 ms at 90 minutes. The peak effective refractory period obtained at 3 hours (177 f 3 ms) persisted at 6 hours (174 f 4 ms) and declined (to 164 f 4 ms) by 12 hours. Increases after administration of 2 mg/kg of the drug (six dogs) were slightly but not significantly less than those after 6 mg/kg, but were significantly greater (90 minutes to 6 hours) than those after administration of saline solution (Scheffe) . Control ventricular response threshold averaged 0.11 f 0.01 mA (16 dogs), and varied in a fashion similar to effective refractory period. The response threshold was invariant after fibrillation threshold determinations and over the 12 hour study period after injection of saline solution, but tended to increase after administration of bretylium. The peak response threshold occurred at 6 hours, averaging 0.17 f 0.02 mA after 2 mg/kg and 0.18 f 0.03 after 6 mg/kg of the drug was given. These changes were not quite significant (p = 0.05 to 0.10).
Effects on ventricular fibrillation threshold:
Marked increases in ventricular fibrillation threshold developed after injection of bretylium tosylate (Fig. 5) . Differences in response among the groups treated with bretylium and the control group treated. with saline solution were obviously highly significant from 2 minutes to 12 hours (p <O.OOl, analysis of variance) ( Table  I) . 
TIME (Hours)
At 2 minutes after injection of 6 mgjkg of the drug (nonischemic conditions), ventricular fibrillation could be elicited in two dogs (at 35 mA and 40 mA, respectively) but not in another two dogs (greater than 50 mA) (p = 0.002, control time versus 2 minutes). Complete protection from ventricular fibrillation at 50 mA continued thereafter throughout 12 hours of observation in the nonischemic state in all four animals. With 2 minutes of coronary ischemia, the heart of one of four Increases in ventricular fibrillation threshold also occurred after injection of 2 mg/kg of bretylium salt (six dogs), but these changes fell within the range of determination (Fig. 5) . By 2 minutes after-injection, fibrillation threshold had increased from 3.6 f 0.5 to 7.5 f 2.5 mA, and by 30 minutes to 10.3 f 2.7 mA, significantly above control time (p = 0.03). The threshold continued to rise in a linear manner to peak at 3 hours (at 23.5 f 5.4 mA) and 6 hours (25.0 f 8.2 mA), and decreased somewhat by 12 hours (to 16.0 f 2.1 mA). Differences between groups treated with bretylium and the group treated with saline solution were apparent from 90 minutes through 12 hours (Scheffe) .
FIGURE 5. Ventricular fibrillation threshold (VFT) response in mA with time after acute injection of 6 mg/kg (four dogs) or 2 mglkg (six dogs) of bretylium or of saline solution (six dogs). Open symbols represent nonischemic and closed symbols represent ischemic (2 minutes) conditions (see text). Values are plotted as mean f standard error of the mean. The control measurement is before drug administration; first measurement after drug administration is at 2 minutes (nonischemic). The mean ventricular fibrillation threshold for the group receiving bretylium is greater than
The ventricular fibrillation threshold response was similar after ischemia at each time point in the group receiving 2 mg/kg, but thresholds were lower than for nonischemic conditions (Fig. 5) . As noted in Methods, each animal served as its own control for ischemic versus nonischemic conditions. The mean threshold during control determination was 2.1 f 0.4 mA, increased to 5.7 f 1.7 mA at 30 minutes after drug administration (p = 0.03) and further increased to maximal levels at 3 and 6 hours (18.6 f 5.8 rnA, 21.3 f 8.3 mA, respectively). Some decrease occurred by 12 hours (to 12.0 f 1.8 mA). Differences between the bretylium-treated and saline-treated groups were significant from 30 minutes to 12 hours (p < 0.01, Scheffe) .
No change occurred in the fibrillation threshold of the seven control animals receiving saline solution with
time in either the ischemic or nonischemic state. This response in control animals verifies the stability of ventricular fibrillation threshold over at least 12 hours in these open chest preparations. The threshold with &hernia (1.7 to 1.9 mA, range of the mean) was approximately half of that without &hernia (3.5 to 4.0 mA, range of the mean) and differed significantly at each timed determination (t test). This finding confirms the deleterious effect of &hernia on ventricular fibrillation threshold.
Effects on repetitive ventricular response threshold:
The effect of bretylium on the repetitive ventricular response threshold as defined in Methods is shown in Figure 6 . After injection 6 mg/kg of bretylium tosylate in four dogs, the mean response threshold began to increase by 2 minutes (from 1.3 f 0.3 to 2.8 f 0.9 mA), peaked at 3 hours (21.4 f 10.0 mA), then decreased but remained elevated above control values at 12 hours (8.8 f 3.2 mA). Significant geometric differences between the bretylium-treated and saline-treated groups were present between 30 minutes and 12 hours (p <0.003, t test). After 2 minutes of coronary ischemia, 6 mg/kg of the drug also raised the response threshold so that at 90 minutes it had increased from 1.3 f 0.4 to 11.1 f 3.7 mA (p = 0.01). The bretylium-treated and saline-treated groups showed differences between 30 minutes and 12 hours (t test). As expected, the absolute elevation during ischemia was generally lower than during nonischemic conditions. Elevation in repetitive ventricular response threshold of a lower magnitude developed after 2 ET AL. FIGURE 7. Serum (pg/ml) and final myocardial tissue (@g/g) concentrations of bretylium in animals subjected to electrophysiologic testing (Fig. 4 to 6) . Results are presented as mean f standard error of the mean. Compare also with Fig. 1, A and 6 . mg/kg of bretylium tosylate. In this group (n = 6) the threshold increased from 1.2 f 0.2 mA in the control period to 4.0 f 1.1 mA at 90 minutes (p = 0.03), and to a maximum of 5.4 f 1.9 mA at 3 hours. Persistem elevation of 4.3 f 1.0 mA was present at 12 hours. The bretylium-treated and saline-treated groups showed significant differences between 90 minutes and 12 hours (t test). Similarly, augmentation in the response threshold occurred in animals treated with 2 mg/kg of the drug after coronary ischemia, with control threshold of 0.8 f 0.2 mA rising significantly to 2.0 f 0.6 at 30 minutes (p = 0.03), and further to 4.9 f 2.0 mA at 3 hours. Elevation persisted at 12 hours (3.0 f 0.6 mA).
The mean values in the saline-and bretylium-treated groups were significantly different from 90 minutes to 12 hours.
The repetitive ventricular response threshold was stable for 12 hours in the control animals injected with saline solution. Repetitive response was elicited at lower current with ischemia (mean 0.7 f 0.1 mA) than without ischemia (1.5 f 0.1 mA) (p = 0.03, t = 0) (Fig.  6) .
Previously proposed as a subfibrillatory measure of ventricular fibrillation threshold, repetitive ventricular response threshold followed the general temporal configuration of fibrillation threshold, although at approximately one fourth the current level. The repetitive response data also suggest a proportionate three-to four-fold greater effect of the three-fold greater dose of bretylium salt (6 mg/kg versus 2 mg/kg). However, in contrast to mean results, the relation of repetitive ventricular response and ventricular fibrillation thresholds in individual animals was too variable to be of much predictive value. Only at 30 and 90 minutes with ischemia (in animals receiving 2 mg/kg) was there an individual correlation of these two thresholds (p = 0.05).
Serum and tissue bretylium in animals tested for ventricular fibrillation threshold: Serial serum concentrations of bretylium measured at the time of ventricular fibrillation threshold determinations for the four animals receiving 6 mg/kg and the six animals receiving 2 mg/kg of the drug are presented in Figure 7 . In addition, myocardial (left ventricular) bretylium concentrations at the time the dogs were killed (12 hours) are shown. There is no significant difference between these serum concentration curves and those presented in Figure 1 for the tissue pharmacokinetic study. Tissue levels at 12 hours were likewise similar. Once again, the mean final (12 hour) tissue to serum ratio was greater for the group receiving 2 mglkg than for the group receiving 6 mg/kg (17.9 f 3.9 versus 6.9 f 1.8). It may thus be presumed that the detailed tissue kinetics determined as in Figure 1 apply to the group subjected to ventricular fibrillation threshold determinations.
As expected, a variable (usually modest) increase in blood pressure and heart rate occurred seconds to minutes after drug administration.
In all cases, these changes had returned to baseline within 30 minutes. The kinetics of ventricular fibrillation threshold elevation were thus distinct from those of the catecholamine release reaction.
Discussion
Role of myocardial drug concentration in determining therapeutic effects: These kinetic studies emphasize the importance of drug concentrations at tissue sites of action in myocardium in determining therapeutic effects. Whereas serum bretylium concentration decreased rapidly after intravenous injection, both myocardial bretylium concentration and antifibrillatory and electrophysiologic effects increased gradually, peaking at approximately 3 hours. These kinetic results were similar with or without myocardial ischemia and for both doses of bretylium. Bretylium was heavily concentrated in myocardial tissue (6 to l&fold), suggesting that small changes in serum bretylium at equilibrium might be associated with wide and variable swings in tissue concentration. In addition, conditions of pseudoequilibrium (parallel elimination) in tissue and serum compartments were not obtained until 12 to 24 hours after short-term dosing, as demonstrated in the 72 hour dog model with subsequent elimination half-life in tissue and serum of 10.5 hours. In summary, serum bretylium concentrations after short-term dosing are not predictive of drug effects, whereas an understanding of tissue drug kinetics and concentrations appears to be very useful.
Effect of bretylium on ventricular fibrillation threshold:
Bretylium caused marked increases in ventricular fibrillation threshold, confirming its reported efficacy as an antifibrillatory agent.15Js2c The canine model used confirms the deleterious effect of ischemia on fibrillation threshold21 and documents a relatively equipotent therapeutic effect in the ischemic and the nonischemic heart. The responses observed suggest incremental effects on fibrillation threshold of increasing doses of bretylium, in the range tested. Our canine preparation proved to be a highly stable model for threshold determinations over the 12 hour period of observation.
The repetitive ventricular response threshold was a useful predictor of group response of ventricular fibrillation threshold to drug. However, in the individual animal, the correlation was too variable to be useful. In general, at least a proportionate rise in antiarrhythmic effect is predicted by the repetitive ventricular response as the dose is increased from 2 to 6 mg/kg. The data on repetitive ventricular response also suggest that peak drug effect after 6 mg/kg, similar to that of a smaller dose, occurs at approximately 3 hours.
The time course of change in effective refractory period was similar to that for ventricular fibrillation and repetitive response thresholds. However, increases in refractory period were not proportionate to increases in drug concentration. The parallel temporal change of effective refractory period and fibrillation threshold suggests a correlation between drug effect on effective refractory period and on fibrillation threshold. On the other hand, incremental change in refractory period using 6 mg/kg in comparison with 2 mg/kg was much less than that for fibrillation threshold. These observations suggest a nonlinear relation between these two measures of drug effect or the importance of factors in addition to changes in refractory period in determining ventricular fibrillation threshold.
These studies demonstrate the utility of endomyocardial biopsy in allowing long-term observations of drug kinetics in myocardial tissue. Information derived may be particularly useful for clinical comparisons. Our observations confirmed the long persistence of drug in myocardium after single dosing, with detectable drug persisting for more than 72 to 96 hours.
Mechanism of bretylium's cardiac effects: Controversy continues to exist as to whether bretylium has important direct effects on the human heart independent of its action on the adrenergic neuron.3y4 Experimental work suggests that both direct electrophysiologic effects and myocardial concentration of drug are independent of cardiac nerves. s,22*23 Cardinal and Sasyniukg showed that bretylium increases action potential and refractory period duration in isolated Purkinje fibers, and reduces the disparity in local action potential duration between normal and infarct preparations. Namm et a1.,22 using immunosympathectomized rats, showed the marked myocardial concentrations of bretylium to be independent of cardiac sympathetic nerve uptake. Electrophysiologic effects, including lengthening of effective refractory period and action potential duration, were also simi1a.r in both normal and immunosympathectomized animals. Bretylium was found to bind to cell plasma membranes in a tight but reversible fashion. Our observations lend support to those of these workers, and suggest tlhat the kinetics of electrophysiologic and antifibrillatory effects of bretylium parallel those of drug accumulation in myocardial tissue. In contrast, the kinetics of catecholamine release and serum drug are dissimilar.
Serum versus myocardial drug kinetics: Detailed studies of myocardial tissue kinetics of other antiarrhythmic drugs have not come to our attention. The relation between serum drug kinetics and drug action after short-term administration varies among these agents. With drugs such as lidocaine, a direct temporal relation appears to exist. Schnittger et a1.24 demonstrated a linear relation between plasma lidocaine concentrations during acute infusions and increases in ventricular fibrillation threshold. With other drugs such as bretylium, acute effects are dissociated from blood kinetics and maximal effects may be substantially delayed. The antiarrhythmic effect of amiodarone does not become evident until 4 to 8 days after therapy is begun.25 Intravenous propranolol may yield immediate therapeutic benefit, but plasma concentrations do not correlate simply with drug effects.25 Lameijer and van Zweiten27 found slow (1 to 3 hours), lo-fold concentration of quinidine in the isolated mammalian heart and parallel temporal changes in refractory period. Strauss et a1.28 found procainamide to be concentrated in myocardium in a ratio of 2.3:1, after a 4 hour loading infusion, but kinetics were not studied. Further studies of myocardial tissue kinetics of these drugs would be of interest.
Clinical implications: Our study in dogs demonstrates marked time-and dose-dependent differences in response to bretylium tosylate. Clinical extrapolation of these data as in other animal studies must be tentative. However, clinical implications might include the need for repeated acute drug dosing and allowance of greater time after acute bretylium administration before assuming drug failure. Current package insert recommendations reflect this implication.2g Thus, if the initial 5 mg/kg bolus injection of bretylium is ineffective in restoring rhythm, additional dosing up to 30 mg/kg total over about 30 minutes is suggested.2g The delayed response in ventricular fibrillation threshold rise seen with our small dose might thereby be converted to an immediate response similar to that 'seen with our larger dose (Fig. 5) . This study confirms the utility and sensitivity of a new drug assay for bretylium using a gas recently described chromatographic method.13 A more rational approach to administration of bretylium in patients should result from clinical application of this assay and further testing of the inferences suggested by this study.
